Rapid growth of the submerged shoots of deepwater rice is essential for survival during the rainy season. We investigated changes in the expression of vacuolar H þ -ATPase (V-ATPase), H þ -pyrophosphatase (V-PPase), and aquaporins under submerged conditions. The amounts of vacuolar proton pumps, which support the active transport of ions into the vacuoles, were maintained on a membrane protein basis in the developing vacuoles. Among the six isogenes of V-PPase, OsVHP1;3 was markedly enhanced by submersion. The gene expression of efficient water channels, OsTIP1;1, OsTIP2;2, OsPIP1;1, OsPIP2;1, and OsPIP2;2, was markedly enhanced by submersion. The increase in aquaporin expression might support quick elongation of internodes. The mRNA levels of OsNIP2;2 and OsNIP3;1, which transport silicic and boric acids respectively, clearly decreased. The present study indicates that internodes of deepwater rice upregulate vacuolar proton pumps and water channel aquaporins and downregulate aquaporins that allow permeation of the substrates that suppress internode growth.
Shoots of deepwater rice (Oryza sativa, L. ssp. indica) grow rapidly in response to flooding. Rapid elongation of the internode is a characteristic property of deepwater rice, an adaptation to annual flooding in the field. Leaves on the elongated shoots that rise above the water level can exchange gases in the air and perform aerobic metabolism. Deepwater rice accumulates ethylene in its tissues during submersion, 1) and gibberellin is involved in the rapid elongation of the internodes. 2) Recently, two genes, SNORKEL1 (SK1) and SNORKEL2 (SK2), which trigger the deepwater response, including internode elongation, were identified in deepwater rice.
3) Ethylene accumulating during submersion induces expression of the SK genes in the internodes. The translation products of the genes then trigger rapid internodal elongation via gibberellin. The genes induced under the control of the SK genes have not been reported.
Elongation of the internodal cells is supported by the uptake of large quantities of solutes and water, efficient metabolism, and biosyntheses of macromolecules. Here we focused on the membrane transport systems, especially vacuolar proton pumps and aquaporins. In general, central vacuoles occupy a large part of the cell, and cell growth is tightly coupled to vacuole expansion. Plant cells contain two vacuolar-type proton pumps, H þ -ATPase (V-ATPase) and H þ -pyrophosphatase (VPPase). 4, 5) V-ATPase and V-PPase are functional in other organelles, such as the trans-Golgi network and the plasma membrane, in addition to the vacuoles, and play a key role in cell expansion. [6] [7] [8] [9] Vacuolar proton pumps energetically support secondary active transport systems, such as Ca 2þ /H þ antiporters, Na þ (K þ )/H þ antiporters, and Zn 2þ /H þ antiporters. [10] [11] [12] Accumulation of these ions and several metabolites is essential to the maintenance of high osmotic pressure to enlarge vacuoles.
Elongating cells absorb a large quantity of water through aquaporins. Plant aquaporins are classified into five subfamilies: plasma membrane intrinsic protein (PIP), tonoplast membrane intrinsic protein (TIP), nodulin 26-like intrinsic protein (NIP), small and basic intrinsic protein (SIP), and uncategorized X intrinsic proteins (XIP). [13] [14] [15] [16] [17] Rice (Oryza sativa, cv. Nipponbare) has 33 aquaporin members: PIP (11 members), TIP (10 members), NIP (10 members), and SIP (two members). 18) These aquaporins have different cell specificities, substrate specificities, and responses to environmental stresses. PIP is thought to be essential to understanding of intercellular water movement and plant-water relationships.
In this study, we examined physiological changes in the mRNA and protein levels of these membrane proteins during rapid growth of the internodes induced by submersion. Both the mRNA and the protein levels of several members of the TIP and PIP subfamilies, which function as water channels, increased. We also found that the expression of some other aquaporins permeable to compounds such as silicic acid decreased markedly. As for vacuolar proton pumps, the activity of V-ATPase y To whom correspondence should be addressed. Fax: +81-52-789-4096; E-mail: maeshima@agr.nagoya-u.ac.jp Abbreviations: D, dry conditions; FS, fully submerged conditions; NIP, nodulin 26-like intrinsic protein; PIP, plasma membrane intrinsic protein; PS, partially submerged conditions; SIP, small and basic intrinsic protein; TIP, tonoplast intrinsic protein; V-ATPase, vacuolar H þ -ATPase; V-PPase, vacuolar H þ -pyrophosphatase increased and V-PPase activity remained constant under submersion. These changes are discussed with consideration of their physiological roles.
Materials and Methods
Plant materials. Deepwater rice cultivar C9285 (Oryza sativa, ssp. indica) from Bangladesh was kindly provided by the National Institute of Genetics of Japan. Seeds were germinated at 30 C for 3 d in a diluted solution of Benlate, the active ingredient of which is the fungicide benomyl (Sumitomo Chemicals, Osaka). Seedlings were transplanted into small pots and grown to the 8-leaf stage. During growth, the water level was beneath the soil surface (dry conditions: D). Plants at the 8-leaf stage were fully submerged in water (fully submerged conditions: FS) or to up to 70% of the plant height (partially submerged conditions: PS) for 1 or 3 d. Previous experiments in the identification of SK1 and SK2 genes were done under PS conditions.
3) After removal of leaf blades and leaf sheaths, internodes were sampled and used in the preparation of proteins and RNA. Internodes were numbered from the bottom of the plants. The lower halves of the second and third internodes were collected and used in the preparation of DNA, RNA, and membranes. Parts from the second and third internodes were mixed to obtain enough amounts of membranes for quantification of enzyme proteins and activities. In plants grown for 1 d under D conditions the first and second internodes were used, because there was no internode corresponding to the third internode of other plants. Each experiment was done 2-3 times for seven plants, and the data obtained were expressed as the mean.
Crude membrane preparation. Internode tissues were homogenized in a 5-fold volume of a buffer containing 50 mM Tris-acetate pH 7.5, 0.25 M sorbitol, 1% w/v polyvinylpyrrolidone, 1 mM EGTA, 2 mM dithiothreitol (DTT), and 20 mM p-(amidinophenyl)methanesulfonyl fluoride hydrochloride by mortar and pestle. The homogenate was filtered through three layers of cheesecloth and centrifuged at 10;000 g for 10 min. After centrifugation of the supernatant at 100;000 g for 30 min, the pellet was suspended in 20 mM Tris-acetate pH 7.5, 250 mM sucrose, 1 mM EGTA, 1 mM MgCl 2 , and 2 mM DTT, and used as crude membrane. Protein content was determined by Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA).
SDS-PAGE and immunoblotting. Protein samples prepared from the internodes were subjected to SDS-PAGE and immunoblotting. The blots were visualized with horseradish peroxidase-coupled protein A and western blotting detection reagents (GE Healthcare Life Sciences; Piscataway, NJ). The primary antibodies used were prepared and their specificity reported previously: anti-(H þ -PPase) (antigen peptide sequence, DLVGKIERNIPEDDRN), 19) anti-(subunit A of V-ATPase) (TKAREVLQREDDLNEI), 19) anti-BiP (SKDNKALGKLRREC), 20) antiTIP1s (antibody to the purified protein), 21) anti-TIP1;1 (MPIRNIAI-GRPDEATRPDAL), 22) anti-TIP2;2 (CGDHAPVASSEF), 23) anti-PIP1s (MEGKEEDVRLGANRYC), 23) anti-PIP1;3 (GAEEKDYREPPAAPV-FEVEE), 24) and anti-PIP2;1 (MGKDEVMESGGAAGEFAAKD).
23)
Antigen was visualized with horseradish peroxidase and ECL chemiluminescent reagent (GE Healthcare). The image and intensity of immunostained bands were quantitatively measured by densitometry with a Light-Capture II cooled CCD camera system (Atto, Tokyo).
Enzyme assays. PPi hydrolysis by V-PPase was measured at 30 C, as described previously. 25) The reaction buffer contained 1 mM Na 4 PPi, 50 mM KCl, 1 mM Na-molybdate, 0.2% w/v Triton X-100, 1 mM MgSO 4 , 0.5 mM KF, and 30 mM Tris-MES pH 7.2. ATP hydrolysis activity by V-ATPase was measured at 30 C, as described previously, 9) in a reaction buffer containing 1 mM NaN 3 0.1 mM sodium molybdate, 0.5 mM sodium vanadate, 0.03% w/v Triton X-100, 3 mM ATP, 3 mM MgSO 4 , and 30 mM Tris-MES pH 7.2. Activity was determined in the presence and the absence of KCl and NaNO 3 . Nitrate-sensitive and chloride-stimulated activity was defined as V-ATPase activity.
RNA preparation and mRNA quantification. Frozen internode tissues were ground into powder in liquid nitrogen by mortar and pestle. RNA was extracted from 100 mg of each frozen powder preparation using an RNAeasy Plant Mini kit (Qiagen, Valencia, CA) following the manufacturer's instructions. First-strand cDNA was synthesized from 200 ng of total RNA in a 20-mL reaction mixture by reverse transcription using an iScript cDNA synthesis kit (Bio-Rad) following to the manufacturer's instructions. The cDNA was diluted 25-fold and used in PCR analysis. Quantitative PCR analysis was conducted on a Thermal Cycler Dice real-time system (Takara Bio, Ohtsu) (for V-PPase and V-ATPase subunit A) or a StepOne real-time PCR system (Applied Biosystems, Foster City, CA) (for aquaporins and 18S rRNA) using a SYBR Premix Ex Taq kit (Takara Bio) or a Fast SYBR Green Master Mix (Applied Biosystems). The copy numbers of individual mRNAs were calculated individually using a corresponding calibration curve. Supplementary Table 1 (Biosci. Biotechnol. Biochem. Web site) shows the primer sets used in PCR.
The conditions for PCR were one cycle of 95 C for 10 or 20 s, and then 40 cycles with denaturation at 95 C for 3 or 5 s and annealing at 60 C or 65 C for 30 s. The conditions for the melt curve reaction were as recommended for the instrument and reagents. For the measurement of the copy numbers of the expressed individual mRNAs, standard plasmids of the various cDNAs were constructed. The genes were amplified using the primers listed in Tables S1 and S2, and were cloned into p-GEM-T easy vector (Promega, Madison, WI). Plasmids were extracted using a QIAprep Spin Miniprep kit (Qiagen). After digestion with Sal I or Sph I (Toyobo, Tokyo), the linearized plasmids were purified by phenol-chloroform and ethanol precipitation. The copy numbers of the plasmid solutions were determined by their concentrations and molecular weights. Standard curves were made using a dilution series of the plasmid solutions.
Identification of the genes for V-PPase in rice. The genes for V-PPase were subjected to a BLAST homology search using the Arabidopsis thaliana V-PPase amino acid sequence in the open database for rice (cv. Nipponbare) (http://rgp.dna.affrc.go.jp/IRGSP/; http://www.ddbj.nig.ac.jp/searches-j.html). Six genes for V-PPase were identified, as reported previously: OsVHP1;1 (OVP1) (Os06g0644200), OsVHP1;2 (OVP2) (Os06g0178900), OsVHP1;3 (OVP3) (Os02g0802500), OsVHP1;4 (OVP4) (Os01g0337500), OsVHP1;5 (OVP5) (Os05g0156900), and OsVHP1;6 (OVP6) (Os02g0184200). 26, 27) According to the nomenclature for V-ATPase (VHA, vacuolar H þ -ATPase), we refer to these genes as OsVHP (O. sativa vacuolar H þ -pyrophosphatase). Furthermore, organisms have two types of H þ -pyrophosphatase, I and II, which are distinguished as OsVHP1 and OsVHP2. In the present study, OsVHP1 members were examined.
DNA preparation. Internode tissues were ground into a powder in liquid nitrogen by mortar and pestle. DNA was prepared from 100 mg of each powder preparation using a DNAeasy Plant Mini kit (Qiagen) according to the manufacturer's instructions. DNA was quantified based on absorbance at 260 nm.
Electron microscopy. For transmission electron microscopy, internodes were fixed overnight at 4 C in 2% w/v paraformaldehyde and 2% w/v glutaraldehyde in 30 mM HEPES pH 7.4, 100 mM NaCl, and 2 mM CaCl 2 and then washed 4 times for 15 min each in 0.1 M sodium cacodylate buffer pH 7.4, and postfixed in 2% w/v OsO 4 for 4 h. After 3 washes of 5 min each in 0.1 M cacodylate buffer pH 7.4, the tissue was dehydrated through an ethanol series (50-100% v/v) at 4 C for 15 min at each step up to 70% v/v ethanol and then at room temperature. The tissue was infiltrated with Quetol-651 epoxy resin (Nisshin EM, Tokyo) at 60 C for 2 d. Ultrathin sections (70 nm thick) were counterstained with uranyl acetate and lead citrate and viewed with a JEM-1200EX transmission electron microscope (JOEL, Tokyo).
Results

Internode elongation and cell elongation
The deepwater rice cultivar C9285 was grown to the 8-leaf stage under the D, PS, or FS conditions for another 1 or 3 d. Deepwater response can be observed under PS conditions.
3) In this study, experiments under the FS conditions were also carried out to examine the effects of anaerobic condition, although it is not the complete anaerobic state. The basal (first) internode showed no marked difference among the plants grown for 1 or 3 d under the D, PS, or FS conditions (Fig. 1A) .
No third internode was detected in the D plants grown for 1 d, but one did appear after 3 d. Under the PS and FS conditions, the third internodes elongated well. These results indicate that both the PS and FS conditions trigger rapid internode elongation, and that the FS conditions for 3 d have no negative effect on internode growth. We collected the lower halves of the second and third internodes to investigate further the elongating part of the internodes. The DNA content was determined to compare relative cell numbers in the tissue. On day 1, the DNA content of the internodes was 27% and 67% higher under the PS and FS conditions respectively than under the D conditions (Fig. 1B) , indicating active cell proliferation in these internodes. On day 3, the DNA content of that internodes decreased to 58% and 69% for the PS and FS conditions respectively indicating cell elongation occurred in these internodes.
The internodes were observed for cell elongation and enlargement of the cells in the basal and central parts of the tissue. From the typical cells, the ratio of the mean cell volume of the basal part to the top part was calculated to be approximately 1:8. Figure 2 shows the microscopic structure of the internode tissues by electron microscope. Most cells in the central part were occupied by central vacuoles, and the cytoplasm was detected as a thin area under the plasma membrane. In the basal part, the cytoplasmic space occupied a relatively large part of the cells. This indicates that cell elongation was tightly coupled with vacuole enlargement.
Changes in the vacuolar proton pumps
The vacuolar proton pumps, V-ATPase and V-PPase, provide the primary energy source for secondary active transporters and ion channels, such as Na
and Cl À channel. Deepwater rice at the 8-leaf stage was grown for 1 or 3 d under the PS and under the FS conditions. The amounts of VPPase (73 kDa) and subunit A of V-ATPase (70 kDa), which forms catalytic complex V 1 together with subunit B, were determined by immunoblotting with the corresponding antibody. The level of V-PPase on the basis of total membrane protein had decreased on day 1 under the PS and FS conditions, but not on day 3 (Fig. 3) . The values reflect the relative contents of the enzyme per unit membrane surface. The substrate-hydrolysis activity of V-PPase changed in parallel to the protein level, suggesting the absence of functional regulation of the enzyme under the PS and FS conditions. The protein level of subunit A of V-ATPase decreased after 1 d under the PS and FS conditions, and was normal after 3 d under the PS conditions. The abundance of subunit A in the rice treated for 3 d under the FS conditions was about 70% of that under the D conditions. In contrast to V-PPase activity, V-ATPase activity under the PS and FS conditions for 3 d was 2-fold that under the 1-d D conditions (control) (Fig. 3C) , although the amount of subunit A did not increase (Fig. 3A, B) . This suggests activation of V-ATPase during treatment.
Next we examined changes in the mRNA level of V-PPase. Six genes for V-PPase are found in the rice genome database (cv. Nipponbare): 26, 27) OsVHP1;1, OsVHP1;2, OsVHP1;3, OsVHP1;4, OsVHP1;5, and OsVHP1;6. These six V-PPases belong to type I, which requires K þ for enzyme activity, 28) and are referred to as OsVHP1;1 to OsVHP1;6. The relationship between the six V-PPases is shown in a phylogenetic tree (Fig. 4A) . In addition to the type I enzyme, there is a single gene for type II H þ -PPase (OsVHP2;1, Os05g0157000), which was not examined in the present study.
The levels of V-PPase mRNAs quantified by quantitative PCR were normalized to 18S rRNA (Fig. 4B) . The mRNA levels of OsVHP1;1 and OsVHP1;2 were extremely high, and were elevated after 1 and 3 d under the PS conditions but not under the FS conditions. The most marked change was observed in OsVHP1;3. The content was enhanced more than 20-fold after 1 and 3 d under the FS conditions. No transcripts of OsVHP1;4, OsVHP1;5, or OsVHP1;6 were detected in the internode tissue. The mRNA of the V-ATPase subunit A doubled after 1 d, but did not increase after 3 d, under the PS and FS conditions.
The mRNA level of V-PPase was not reflected in the protein amount under most conditions (Figs. 3, 4) . The high mRNA content was not linked to the amount of V-ATPase subunit A protein, especially for rice plants grown for 1 d under the PS conditions. These results might have been due to the stability of mRNA, intracellular trafficking of mRNA from the nuclei to the cytoplasm, or the balance between synthesis and proteolytic degradation of the proteins under these conditions. It should be noted that mRNA contents were compared on the basis of total RNA and the protein levels on the basis of total membrane protein, as discussed below. A, Phylogenetic analysis of the deduced amino acid sequences of rice V-PPases. The gene IDs are OsVHP1;1 (Os06g0644200), OsVHP1;2 (Os06g0178900), OsVHP1;3 (Os02g0802500), OsVHP1;4 (Os01g0337500), OsVHP1;5 (Os05g0156900), and OsVHP1;6 (Os02g0184200). For the nomenclature for the isoforms, see previous reports. 26, 27) Arabidopsis thaliana (AtVHP1) (At1g15690), Vigna radiata (VrVHP1), 41) and Hordeum vulgare (HvVHP1;1, HvVHP1;2) 64, 65) are shown. B, Transcript levels of V-PPase isogenes and a gene for V-ATPase subunit A. Rice plants at the 8-leaf stage were grown under the D, PS, and FS conditions for a further 1 or 3 d. The mRNA levels of the genes for six V-PPase isoforms (OsVHP1 to OsVHP6) and subunit A of V-ATPase were determined by real-time PCR using the specific primer pairs listed in Supplementary Table 1 . The results for OsVHP1;1 and OsVHP1;2, which were highly expressed, are shown in the left panel and the others in the right panel. Values are expressed as the mean of seven samples.
Accumulation of aquaporins in response to submersion
Water is a key element in cell enlargement. We focused on the vacuolar membrane (TIP) and plasma membrane aquaporins (PIPs), which are involved in the enlargement of vacuoles and cells. We prepared crude membrane fractions and subjected aliquots to SDS-PAGE and immunoblotting. We used antibodies highly specific to TIP and PIP members prepared previously. [21] [22] [23] [24] The OsTIP subfamily consists of several groups, and OsTIP1s and OsTIP2s are major components of the subfamily.
18) The protein level of OsTIP1;1 decreased by half after 1 d, and markedly increased, to 200% and 300%, after 3 d under the PS and FS conditions respectively (Fig. 5A, B ). OsTIP2;2 increased markedly after 3 d under the FS conditions. An additional band at 36 kDa detected in immunoblots of OsTIP1;1 and of OsTIP2;2 corresponds to the dimeric forms of the isoforms, as reported previously. 23) A band at 22 kDa might be a modified form of OsTIP1;1, such as the phosphorylated form, because anti-TIP1;1 is highly specific for TIP1;1, and does not react with other TIPs.
29)
The amounts of OsPIPs were determined by immunoblotting with anti-PIP1s, anti-PIP1;3, and anti-PIP2;1. Anti-PIP1s cannot recognize individual PIP1 members.
23) The total amount of OsPIP1s was slightly lower after 1 d under the PS and FS conditions, and was higher by 30% after 3 d under the FS conditions (Fig. 5C, D ). OsPIP1;3 was lower on day 1 following submersion and was higher at day 3 under the FS conditions. On the other hand, the OsPIP2;1 level remained the same on day 1 under the PS and FS conditions, and was doubled on day 3 under the FS conditions.
Marked enhancement of the expression of aquaporin genes under submersion
The increase in aquaporin abundance following submersion led us to examine the transcript levels of individual aquaporin genes. We examined 30 of the 33 aquaporin genes, because specific primers for two genes, OsTIP3;2 and OsNIP1;2, could not be designed and OsNIP3;3 is not expressed in the internode of O. sativa (cv. Nipponbare) (unpublished data, Sakurai, Hayashi, and Murai-Hatano). OsTIP3;2 has been reported to have permeability to glycerol but not to water. 30) The mRNA levels of the aquaporin genes were quantified by real-time PCR using the specific primer sets listed in Supplementary Table 1 , and were normalized to the content of 18S rRNA. Among the vacuolar membrane aquaporins, OsTIP1;1 and OsTIP2;2 were highly expressed at more than 5 copies pg À1 total RNA in the internodes even under the D conditions, and mRNA expression of them was greatly enhanced by submersion (Fig. 6A ). Both OsTIP1;1 and OsTIP2;2 exhibited water channel activity when expressed in yeast cells as assayed by a stopped flow spectrophotometer. 23, 30) OsTIP1;1 of the Akitakomachi cultivar was expressed in most organs at relatively low levels (less than 0.8 copies pg À1 total RNA) and OsTIP2;2 was also expressed in every organ (approximately 10 copies pg À1 total RNA), especially in growing internodes and the panicle neck (Murai-Hatano et al., unpublished data). The mRNA level of OsTIP4;1 reached a peak under PS treatment on both day 1 and day 3. The expression of the six other OsTIP genes in the internode was at less than 0.1 copy pg À1 total RNA.
PIP aquaporins facilitate water transport across the plasma membrane. OsPIP1;1, OsPIP1;2, OsPIP2;1, and OsPIP2;6 genes were expressed at more than 6 copies pg À1 total RNA under the D conditions (Fig. 6B) . These four genes are expressed in every organ of O. sativa (cv. Akitakomachi) at relatively high levels (Murai-Hatano et al., unpublished data). The mRNA levels of OsPIP1;1 and OsPIP2;1 were greatly enhanced by submersion, while the changes in the mRNA levels of OsPIP1;2 and OsPIP2;6 were small. More than 4-fold enhancement under FS treatment was observed for OsPIP2;2, although its basal expression level was lower than that of the above-mentioned OsPIPs. mRNA for OsPIP1;3, OsPIP2;3, OsPIP2;4, OsPIP2;5, OsPIP2;7, and OsPIP2;8 was scarcely detected.
In contrast to the OsTIP and OsPIP genes, submersion did not enhance transcription of the OsNIP and OsSIP genes, except for OsNIP1;1 (Fig. 6C) . Two OsSIP genes were suppressed by submersion. Suppression was more extensive in OsNIP2;2 and OsNIP3;1; their mRNA levels decreased to less than 20%, that of the control (D). OsNIP2;2 31) and OsNIP3;1 32, 33) are permeable to silicon and borate, respectively. Up-and downregulation of the aquaporin genes may be closely related to specific functions under these conditions.
Discussion
Cell elongation Rapid growth of internodes under submerged conditions is a typical property of deepwater rice. 34, 35) Internode elongation results from the division, enlargement, and differentiation of cells. We focused our attention on cell enlargement and elongation. The observed increased DNA content on a fresh weight basis was evidence of active cell proliferation on day 1 and subsequent cell elongation on day 3 following submersion ( Fig. 1) . Generally, the DNA content in each cell is constant except before cytokinesis. The cells in the basal part of the internodes were small and relatively rich in cytoplasm (Fig. 2) . A large space of the cells in the growing and mature regions is occupied with central vacuoles.
Vacuolar proton pumps
Vacuole enlargement is accompanied by active synthesis of vacuolar membranes and active incorporation of inorganic ions and organic compounds. The substratehydrolysis activity of V-PPase was 13-fold greater than the activity of V-ATPase. Our results suggest that VPPase is the major proton pump of vacuolar membranes in elongating the internodes.
The amounts and surface areas of the plasma membrane and the ER membranes also increase, in addition to the vacuolar membranes, during cell elongation. 36) Therefore, the ratio of vacuolar membrane to the total cellular membranes may not change significantly. The vacuolar membrane has been reported to account for approximately 10% of total cellular membrane in etiolated soybean hypocotyls. 37) Here we want to emphasize the importance of the increase in the volume of vacuoles to cell expansion and elongation.
V-PPase activity on the basis of membrane protein was unchanged by submersion for 3 d. We examined the development of the vacuolar membrane during enlargement of the cells and vacuoles. The V-PPase amount changed in parallel with enzyme activity. This indicates that elongating cells actively supply V-PPase molecules to the expanding vacuoles and keep the activity per unit surface membrane constant. The changes in the V-PPase protein observed in deepwater rice were slight as compared with previous reports on rice 38) and mung bean seedlings, 39) in which seedlings were grown under anoxia or at 0 C. These differences might be due to experimental conditions, plant species, or stage of growth. We used deepwater rice at the 8-leaf stage, because rapid internode elongation does not occur at the seedling stage.
Among the six V-PPases, the genes for OsVHP1;1 and OsVHP1;2 gave the highest copy numbers of mRNA under the D conditions. The mRNAs for OsVHP1;1 and OsVHP1;2 accounted for more than 90% of total V-PPase mRNA (Fig. 4) . The V-PPase protein detected on immunoblot might have been mainly OsVHP1;1 and OsVHP1;2 on the assumption that mRNA levels may be reflected in the translation products. The two genes for OsVHP1;1 and OsVHP1;2 have been identified as highly expressed among the V-PPase genes in O. sativa (cv Nipponbare).
40) The mRNA levels of OsVHP1;1 and OsVHP1;2 were higher under PS conditions for 1 d. In spite of their increased mRNA levels, V-PPase protein content and activity had decreased markedly on day 1 (Fig. 3) . This discrepancy might due to rapid expansion of the vacuoles occurring in elongating cells. Synthesis of V-PPase might not take over rapid development of the vacuolar membranes. On day 3, the amount and activity of V-PPase were similar to the values without submersion indicating that the distribution density of the enzyme per unit membrane surface recovered. The recovered V-PPase level might be necessary for acidification of developed vacuoles.
The V-PPase has two roles in plant cells: acidification of the vacuolar lumen and scavenging of the cytosolic inorganic pyrophosphate that is generated as a byproduct of macromolecule biosynthetic processes.
11) The activity of V-PPase is high in young tissues, in which many kinds of macromolecules are actively synthesized, and decreases after cell maturation in mung bean seedlings and pear fruits. 40, 41) Our results are consistent with a previous report that the protein abundance and activity of V-PPase on the basis of vacuolar membrane protein were kept relatively high in elongating hypocotyls of mung bean. 42) On the other hand, the activity of V-ATPase increased 200% after 3 d even though the amount of subunit A did not increase. This suggests that V-ATPase was activated. The detailed mechanism of this activation remains unknown. Several mechanisms have been reported for functional regulation of V-ATPase: reversible dissociation/association of V 1 V O complexes, control of intracellular localization, and modulation of the efficiency of the coupling of proton transport with ATP hydrolysis (for a review, see reference 43). Recently, interacting partners of the enzyme have also been discovered. For example, the glycolytic enzyme aldolase mediates the assembly and activity of V-ATPase through physical interaction. 44, 45) V-ATPase activity might increase if the amount of aldolase protein is increased by submersion. This must be examined in future studies. The changes on day 1 and day 3 were inferred to be a quick response and an adaptation to conditions respectively.
The transcription of OsVHP1;3 was enhanced more than 20-fold under the FS conditions. At present we cannot distinguish OsVHP1;3 from the other isoforms of V-PPase. Judging from immunoblots, the total amount of V-PPase did not increase even after 3 d of submersion (Fig. 3) . Probably OsVHP1;3 is expressed in a cellspecific manner and accounts for only a small part of total OsVHP proteins. The marked induction of OsVHP1;3 is consistent with a previous report, 26) although the growth conditions and tissues used for investigation differ from the present study. For floodtolerant rice (O. sativa L. cv. Amaroo and Calrose), the gene OsVHP1;3 (OVP3) was significantly induced in the coleoptiles and roots of young seedlings within 6 h under anoxic conditions, in which high-purity nitrogen gas was supplied continuously. 26) The authors proposed that flood-tolerant rice has an anoxia-inducible cis-element in the promoter of OsVHP1;3. Therefore, this marked induction of OsVHP1;3 by submersion and anoxia might be a property common to deepwater rice and floodtolerant cultivars. The cis-element in the promoter region and the trans-acting factors remain to be elucidated.
Aquaporins
Submersion caused a significant increase in the amounts of OsTIP1;1 and OsTIP2;2 after 3 d (Fig. 5) . This change means an increase in the distribution density of these TIP proteins per unit membrane surface, because we compared the TIP amounts on the basis of membrane protein. The changes in these proteins was consistent with the increases in the mRNA levels of OsTIP1;1 and OsTIP2;2 (Fig. 6) . Members of the TIP1 and TIP2 groups are co-localized in the same vacuolar membrane in Arabidopsis thaliana. 46) Hence, OsTIP1;1 and OsTIP2;2 might be involved in rapid water uptake into growing vacuoles in elongating internode cells. OsTIP1;1 and OsTIP2;2 function as efficient water channels. 23, 30) Several TIPs are permeable to urea and are thought to function as a detoxification mechanism for excess nitrogen. [46] [47] [48] [49] [50] At present, the urea permeability of OsTIP1;1 and OsTIP2;2 is unclear. Under our experimental conditions, excess nitrogen was not supplied. Therefore, the water channel function might be a key role of OsTIP1;1 and OsTIP2;2 that is increased by submersion.
OsPIP2;1 might be the major member of the rice PIP group in the internodes (Fig. 6) ; it was expressed in roots and leaves at the same level.
18) The protein content of OsPIP2;1 increased by more than 70% on day 3 under the PS and FS conditions. OsPIP2;1 and OsPIP2;2 are efficient water channels. 23, 51) Expression of OsPIP2;2 was markedly increased by submersion. In elongating internodes, OsPIP2;1 and OsPIP2;2 might be involved in the rapid influx of water into growing cells.
Growing internodes require an adequate supply of nutrients from the roots and leaves to synthesize macromolecules and primary and secondary metabolites. Water channel aquaporins facilitate water movement across membranes. This accelerated water flow in the tissue carries nutrients, oxygen, CO 2 , and signal molecules in the vascular strand and the cell wall space. Thus, the increased levels of OsPIP2;1 and OsPIP2;2 might facilitate water influx into internode cells and water flow, which supplies solutes essential to the cells. As for roots of rice (O. sativa cv. Akitakomachi), OsPIP2;1, OsPIP2;3, and OsPIP2;5 have been reported to be expressed in all root cells and to be relatively high in the endodermis. 23) To obtain information on cell specificity of the genes in internodes, further investigations is necessary, including immunohistochemistry with isoform-specific antibodies and expression of individual aquaporin tagged with fluorescent protein under the control of its own promoter.
The physiological roles of the PIP1 subgroup have not been clarified. Water channel activity was not detected in the PIP1 members of rice 18) or other plants 17, 29) when assayed individually in Xenopus oocyte and yeast heterologous expression systems. PIPs, especially members of the PIP1 group, including tobacco PIP1, have been reported to be involved in CO 2 permeability of cells. [52] [53] [54] The protein contents of OsPIP1;1 and OsPIP1;2, which may be major members of the OsPIP1 group in the internodes, increased slightly. There is a possibility that this change is related to the export of CO 2 generated in the internode cells and/or the import of CO 2 for photosynthesis in the epidermal cells of the internodes. As reported previously, 16, 17, 55) there is another possibility that OsPIP1 members form heterotetramers with OsPIP2 members and function as water channels in the plasma membrane.
The NIP subfamily shows permeability to a wide variety of small molecules, including water, boric acid, lactic acid, silicic acid, ammonia, and arsenite. [56] [57] [58] The wide spectrum of substrates for NIP members has been discussed as it relates to the tertiary structure of the pores. [58] [59] [60] Most NIP members have a slightly larger pore than water-channel aquaporins such as PIP2.
Our study indicates that the mRNA levels of OsNIP2;2 and OsNIP3;1 decreased remarkably under the PS and FS conditions (Fig. 6 ). OsNIP2;2 and OsNIP2;1 have been reported to allow permeation of silicic acid at the plasma membrane. 31) Silicic acid is a major component of the cell wall in rice and strengthens it physically. 61, 62) Thus, the elongating cells might repress the expression of OsNIP2;2 to suppress incorporation and intercellular transport of silicic acid. On the other hand, OsNIP3;1 is permeable to boric acid, which is accumulated in the cell wall space. 33) Boron is a micronutrient, but at high concentrations it is toxic, causing leaf burn and inhibition of cell-wall expansion. 63) Thus, the decline in OsNIP3;1 mRNA might function to suppress boron accumulation in the elongating tissues.
Rice has two SIP members, which are expressed in roots and leaves. 18) Three members of A. thaliana SIP are expressed in the roots and some specific cells in the shoots; they are localized in the ER membranes, 22) but the physiological role of SIPs is unclear. The mRNA levels of OsSIP1;1 and OsSIP2;1 decreased slightly under the PS and FS conditions. This suggests that these two OsSIPs are not involved in quick elongation of the internodes in response to submersion.
In conclusion, our study indicates that expression of OsTIP1;1, OsTIP2;2, OsPIP1;1, OsPIP2;1, OsPIP2;2, OsNIP2;2 and OsVHP1;3 was markedly enhanced by submersion, and that the membrane distribution density of V-PPase and V-ATPase and their activities on the basis of membrane protein remained stable during rapid elongation of the internodes. Recently, two genes, SK1 and SK2, which trigger the elongation response, were found in deepwater rice.
3) The authors found that ethylene accumulates during submersion and induces the expression of SK1 and SK2. The translation products of the genes then trigger rapid internode elongation via gibberellin. The relationship of gibberellin and the anoxia-inducible cis-element with expression of the genes identified in the present study, OsVHP1;3 and OsPIP2;2, remains to be elucidated. Furthermore, there were differences in the induction of several genes, such as OsVHP1;1, OsTIP1;1 and OsPIP2;2, on day 3 as between the PS and the FS conditions. This may have been due to differences in the water pressure and/or oxygen supply. Further studies are needed on the physiological phenotypes of gene-deleted mutants of OsTIP1;1, OsPIP2;2, and OsVHP1;3 under the submersion and the complete anaerobic conditions.
